Results from the transplantation of donor male germ cells into xenogeneic recipient seminiferous tubules indicate that donor spermatogonia are capable of differentiating to form spermatozoa morphologically characteristic of the donor species. Germ cell transplantation procedures combined with developments in freezing, culturing or enriching germ cell populations have applications of paramount importance in medicine, basic sciences and animal reproduction. Additionally, these techniques can serve as an alternative approach for gonadal protection and fertility preservation in patients with cancer. This article is a chronological critical review of the technological advances that followed the initial successful transplantation of mouse germ cells into recipient mice. Furthermore, the factors responsible for the immunological privilege properties of the testis and the parameters in¯uencing the potential of mammalian germ cells to undergo mitosis and meiosis within a xenogeneic testis are described. Finally, the role of human germ cell transplantation procedures in the therapeutic management of non-obstructive azoospermia is discussed.
Approximately 50% of human infertility is attributable to male defects with the clinical presentation of abnormal sperm production, such as oligo-, astheno-, teratospermia or azoospermia (Sigman et al., 1997) . Spermatogenesis is a process that involves mitotic and meiotic division of spermatogonia to produce mature spermatids and spermatozoa. Spermatogenesis occurs within the seminiferous tubules of the testis (Dym, 1983) . Spermatogonial type A stem cells in the testis can be considered as eternal germ cells because they are present from birth to death, and also have the capacity to give rise to new subtypes of spermatogonia and form spermatozoa. The latter cells represent highly motile structures that can pass genetic material from generation to generation (McLaren, 1992) . Among the type A spermatogonia there are distinct subpopulations: types A 1 ±A 4 that have been considered the renewing stem cell spermatogonia; and type A 0 that have been considered a reserve type of stem cells. The type A 4 cells divide to give rise to differentiating spermatogonia as well as to form a new cell type, the A 1 cells to maintain the stem cell population (Dym and Clermont, 1970) . The type A 0 cells divide slowly and represent a reservoir to repopulate the testis after an injury as well as a ®ne mechanism to maintain normal numbers of types A 1 ±A 4 (Clermont, 1969) .
Numerous factors have been implicated in spermatogonial development. Several alternative hormonal mechanisms regulate the mitotic and meiotic dynamics of spermatogonia (Meachem et al., 2001) . Sertoli cells limit the expansion of the spermatogonial population, with each Sertoli cell supporting a de®ned number of germ cells. Sertoli cells form niches for stem cells; these niches allow a certain number of stem cells to reside in or repopulate the seminiferous tubules. The repopulation pattern of donor spermatogonia post-transplantation supports the presence of niches of donor germ cells (Ohta et al., 2000) . FSH has an important role in the regulation of the kinetics of adult spermatogonia. The mechanism via which FSH mediates its effect is probably by acting both as a survival factor and as a mitogen . Withdrawal of FSH in normal adult rats showed a timedependent decline in the number of early germ cell types (Kangasniemi et al., 1990; . Great reductions/depletions of gonadotrophins in primates (treatment with GnRH antagonists) reduced the number of type B spermatogonia to less than 10% of controls, thus indicating that the spermatogonium is a major target for gonadotrophin stimulation (Zhengwei et al., 1998) . Treatment with GnRH antagonists provokes a pronounced inhibition of spermatogonial proliferation, indicating that the ®rst step of mitosis (at the level of A spermatogonia) is under hormonal in¯uence (Schlatt and Weinbauer, 1994) . Compelling evidence has been provided that high testicular testosterone concentrations have a detrimental effect on spermatogonial development (Meistrich et al., 1994) .
Stem cell factor (SCF) and its receptor c-kit play an important role in spermatogonial development. Mutation in the gene encoding the SCF or the c-kit results in infertility owing to defective migration, proliferation, and survival of primordial spermatogonia. SCF has been found to act as a mitogen (Allard et al., 1996) and survival factor (Dirami et al., 1999) .
Inhibin inhibits the incorporation of [ 3 H]-thymidine into differentiated mouse and hamster spermatogonia (van Furth and Van Dissel, 1989) , whereas activin stimulates spermatogonial mitosis in vitro (Mather et al., 1990) . The Bcl-2 family plays a key role in integrating the positive and negative signals on spermatogonial survival; indeed, there are members of this family that promote cell survival (Bcl-2, BcL-xl, Bcl-w, A1/B¯-1) and others which promote cell death (Bax, Bak, Bad, Bim) (Adams and Cory, 1998) . Transgenic loss of the Sertoli cell-produced glial cellderived neurotrophic factor (GDNF) function results in depletion of spermatogonia stem cells reserves, whereas mice over-expressing GDNF accumulate undifferentiated spermatogonia within the seminiferous tubuli (Meng et al., 2000) . Recolonization of a recipient testis by transplanted donor germ cells offers an excellent approach to understand the mechanisms regulating the in¯uence of the testicular microenvironment on spermatogonial development.
Spermiogenesis is a metamorphic process where no cell division is involved. During spermiogenesis, alterations can be seen in the male gamete nuclear proteins, cellular size, cellular shape, and the position of pro-acrosomal granules and localization of the centrioles. A fascinating cascade of events results in the formation of the sperm tail. Elongation of the round spermatid is observed in steps 7±8 of spermiogenesis in the rat . The latter group have also shown that a decrease in the intratesticular testosterone results in premature detachment of round spermatids from the seminiferous tubuli and passage of the round spermatids through the epididymal lumen . Thus, these spermatids have an impaired fertilizing capacity.
Immunological tolerance of the testis
The testis is an immuno-privileged organ (Selawry and Whittington, 1984; Selawry et al., 1989; Bellgrau et al., 1995; Clouthier et al., 1996) . One group (Selawry et al., 1985) showed that pancreatic islets of MHCincompatible donors survived inde®nitely in the abdominal testes of diabetic BB/W rat recipients. Furthermore, it has been shown that the abdominal testis rather than the testis in its original scrotal position is the most suitable site for extended functional survival of pancreatic islet allografts and xenografts (Selawry et al., 1989) . Colonization of the mouse testis by rat germ cells (e.g. Clouthier et al., 1996; and the rat testis by hamster germ cells (e.g. Tanaka et al., 1997; Shimamoto et al., 1999) further con®rm the testicular capacity to inhibit local immune responses. However, the mechanisms responsible for the unique immunologically privileged status of the testis are, as yet, unde®ned. It has been suggested that elevated levels of intratesticular testosterone and /or progesterone may cause an inhibition of the local immune responses (Grossman et al., 1985) . However, others (Cameron et al., 1990) provided strong evidence that Leydig cells and Leydig cell secretory products do not represent a prerequisite for the success of transplantation of pancreatic cells into testes. On the other hand, the testis contains high levels of steroidsÐmolecules that are immunosuppressive by nature . The most commonly recognized mechanism for the immunological privilege properties of the testis is the physical isolation of cell surface antigens by the Sertoli cell-barrier. However, immune privilege in the testis may not be simply a passive process involving physical barriers (Sertoli cell-barrier) but it may also be regarded as an active mechanism having the capacity to induce cell death (via apoptosis) on potentially dangerous lymphoid and myeloid cells (Bellgrau et al., 1995) . In fact, the same group (Bellgrau et al., 1995) have shown that expression of functional FasL by Sertoli cells has a major contribution to the immune privileged nature of the testis. Fas and its ligand FasL are cell-surface molecules known to interact in the regulation of immune responses. FasL protein is expressed by CD4+ T helper cells and by CD8+ cytotoxic T lymphocytes. Resting T cells normally express low levels of Fas. In contrast, during the ®rst hours post-engagement of their antigen receptors, Fas expression increases signi®cantly. Post-activation, Fas in T cells becomes functional and the T cells undergo apoptosis in response to crosslinking with FasL (O'Connell et al., 1996) . Thus, FasL ligation onto its receptor Fas, on sensitized cells, induces programmed cell death. It has been suggested that, through the expression of FasL, the eye directly kills activated T cells that might invade the globe and destroy vision (Grif®th et al., 1995) . Similarly, considering that Sertoli cells constitutively express FasL transcripts (Bellgrau et al., 1995) , it may be suggested that FasL interacting with Fas of activated T cells induces apoptosis in the in®ltrating T cells and subsequently contributes to the capacity of the testicular tissue to maintain an immune privileged environment. The latter thesis is additionally supported by ®ndings in the present authors' laboratory showing enhancement of the immune privileged status of the rat seminiferous tubules during either: (i) intratubular administration of interferon-g (which is known to up-regulate FasL expression) (Shimamoto et al., 1999) ; or (ii) seminiferous intratubular transfer of anterior chamber eye cells (known to express FasL) from the same recipient animal (Shimamoto et al., 1999) .
Theses and controversies on syngeneic male germ cell transplantation techniques
Development and evolution of syngeneic germ cell transplantation procedures It has been shown (Brinster and Zimmermann, 1994 ) that germ cells isolated from testes of donor male mice would repopulate immunologically compatible sterile testes when injected into the seminiferous tubules of these recipient animals. Donor spermatogenesis in recipient testes showed normal morphological features characteristic of the donor species. In that study, germ cells were transplanted into mice carrying the W, W v and W 44 mutant alleles in the homozygous or compound heterozygous conditions (spermatogenesis does not occur in the testes of these mice; very few germ cells of the most primitive stages can be found in the testes of W/W v mice). At the end of the experimental period, donor germ cells were found in 18% of the recipients. In additional experiments, immunode®cient male mice had been treated with 40 mg/kg of the chemotherapeutic agent busulfan approximately 4 weeks prior to the transplantation of donor germ cells. At this dose, busulfan destroys almost all endogenous spermatogonial stem cells; thereby, space is created on the basal surface of the tubules for the transplanted spermatogonia to seed and develop. In addition, the lack of recipient germ cells facilitates the injection procedure due to a decrease in the resistance to thē ow of the donor germ cell suspension through the seminiferous tubuli. In that study the transferred cells bore the LacZ gene (the expression of this gene is detectable histochemically in germ cells using the substrate X-gal). At the end of experimental period, among the busulfan-treated recipients 37% were found to be positive for donor germ cells. In tubules colonized by transferred donor cells, the organization of the spermatogenic stages within the recipient seminiferous tubules was normal, characteristic of the donor species and mature donor spermatozoa were observed.
In another study (Brinster and Avarbock, 1994) , it was shown that mouse germ cells transplanted into the testes of infertile mice colonized the recipient seminiferous tubules and initiated donor spermatogenesis in more than 70% of recipients. The most striking result of these experiments was the production of healthy offspring (by mating) from spermatozoa generated within the recipient testes by donor germ cells. Increasing the number of Sertoli cells in the donor cell population did not increase the ef®ciency of colonization of the recipient testes by donor germ cells. Some of the recipients that underwent transplantation passed on the LacZ gene to 80% of their progeny. The initiation and maintenance of donor spermatogenesis within the recipient testes post-donor germ cell transplantation seems to be inconsistent with the fact that the donor spermatogonia have been injected into the lumen of the seminiferous tubules. It appears that donor spermatogonia have moved from the recipient adluminal to the basal compartment of the seminiferous tubulusÐa translocation that does not occur naturally in adult mammalian species. The mechanisms regulating the translocation of the injected spermatogonia from the lumen towards the basal surface of the tubule remain unexplained. On the other hand, the success of these experiments (Brinster and Avarbock, 1994) and of additional studies (see Table I ) suggest that the recipient Sertoli cell can regulate translocation of recipient and donor germ cells respectively either from the basement membrane to the lumen, or from the lumen to the basement membrane.
One group (Jiang and Short, 1995) transferred primordial germ cells or gonocytes recovered from male Sprague-Dawley rat fetuses or neonates into the rete-testes of recipient adult Long Evans rats that had been treated with busulfan. These authors suggested achievement of normal donor spermatogenesis in 62% of the recipients. However, due to a lack of a speci®c marker for the identi®cation of donor cells it was dif®cult to conclude in that study that the donor cells had colonized the seminiferous tubules. In another study, the same group provided clear evidence that transplanted primordial germ cells could divide within the recipient seminiferous tubules (Jiang and Short, 1998) . The authors concluded that the pattern of donor cell colonization and donor spermatogenesis Brinster and Zimmermann (1994) First report of successful induction of donor mouse spermatogenesis within a recipient mouse testis Brinster and Avarbock (1994) Germ-line transmission of donor mouse haplotype in recipient mice Jiang and Short (1995) Rat male germ cell transplantation in recipient rats Clouthier et al. (1996) First report of xenogeneic transplantation of rat germcells into recipient mice Avarbock et al. (1996) Transplantation of frozen/thawed mouse spermatogonia into recipient mice Ogawa et al. (1997) Detailed description of transplantation techniques Tanaka et al. (1997) Successful colonization and differentiation of hamster germ cells into xenogeneic testis Franca et al. (1998) Germ cell genotype controls cell cycle during spermatogenesis in the rat Culture of mouse spermatogonial stem cells Ogawa et al. (1998) Leuprolide enhances recipient tubuli colonization after spermatogonial transplantation Ogawa et al. (1999) Transplantation of hamster germ cells into mouse testes Schlatt et al. (1999) First successful attempt of germ cell transfer into a primate testis Dobrinski et al. (1999b) Attempts to transplant germ cells from rabbits and dogs into mouse testes Nagano et al. (1999) Pattern and kinetics of mouse spermatogonial stem cells into recipient testes Shinohara et al. (1999) b 1 -and a 6 -integrins are surface markers on mouse spermatogonia stem cells Schlatt et al. (1999) Magnetic cell sorting for enriching viable spermatogonia from rodent and primate testes Ohta et al. (2000) Regulation of proliferation and differentiation of spermatogonial stem cell, the role of c-kit and its ligand stem cell factor Reis et al. (2000) Attempts at xenogeneic transplantation of human spermatogonia Nagano et al. (2001) Primate spermatogonial stem cells colonize mouse testes following transplantation in terms of their spatial location and connection with the recipient seminiferous epithelium, depends on the developmental stages of the donor cells at transfer. In another study, the ultrastructural features of donor spermatogenesis in immunologically compatible sterile mice post-transplantation of mouse spermatogonia were described . Recipient animals carried mutant alleles and lacked endogenous testicular spermatogenesis. Testicular tissue of recipient animals was examined by light and electron microscopy at 12±15 months after donor germ cell transplantation. Donor mouse germ cells were shown to form cellular associations, characteristic of the donor species, within the recipient testis. Donor spermatogonia were found exclusively in the basal compartment; apparently, these had been translocated from the recipient tubular lumen through the recipient Sertoli cell junctions eventually to reside on the basal lamina. In addition, some recipient seminiferous tubules exposed qualitative and quantitative defects in donor spermatogenesis. Most of the common abnormalities were seen at the elongation phase of donor spermatogenesis. There were also regions in the recipient seminiferous tubules where donor germ cell colonization was absent. In these regions, recipient Sertoli cells were observed that were actively phagocytosing donor spermatozoa. In the latter study, failure of elongation and chromatin condensation of donor spermatids was a major barrier for the completion of donor spermatogenesis. The authors hypothesized that failure to achieve donor spermatogenesis in these areas was due to dysfunction of the testicular somatic cells of the recipient mutant genetic model used rather than to failure of donor germ cells to develop.
Another group (Tanemura et al., 1996) transplanted very thin seminiferous tubules of old (aged 33 months) BDF 1 mice into W/W v mouse testes. Arti®cially cryptorchid younger BDF 1 mice were used as controls. Testicular tissue from the above cryptorchid animals was transplanted into the right testes of W/W v mice, while testicular tissue from the old BDF 1 mice was transplanted into the left testis of the same animal. At 2 weeks post-transplantation the most advanced donor spermatogenic cells on the left side were spermatocytes, whereas on the right side both donor spermatocytes and round spermatids were detected. At 4 weeks post-transplantation, elongated spermatids were detected in tubules of the right testes, but spermatids were still undetectable in the left testes. It appeared that spermatogenic cells derived from old mice could not pass through meiosis. The authors concluded that either a defective extratubular environment or a defective intratubular environment in the donor seminiferous tubuli had caused the arrest of spermatogenesis (of the old mice) in the transplanted seminiferous tubules within the recipient left testes.
In a later study, bull, monkey or human germ cells were injected into resected bull, monkey or human testes respectively (Schlatt et al., 1999) . The introduction of donor germ cells to areas of recipient seminiferous tubuli distal to the sites of injection could not be achieved, probably because the endogenous recipient spermatogenesis had not been depleted and recipient germ cells and seminiferous tubular¯uid impeded the movement of injected donor cells into the tubules. Distal movement of injected donor cells within the recipient seminiferous tubuli could only be achieved in immature or partially regressed testes. Rete testis injections were applied using an ultrasonographically guided technique in vivo on two cynomolgus monkeys that had been previously treated with a GnRH antagonist. Ultrasonography allowed localization of the rete testis and guidance of the injection needle into the rete testis. The authors suggested that this technique is the most promising one for transplantation of germ cells into large testes. In one monkey, transplanted donor germ cells were present in the recipient seminiferous tubules at 4 weeks posttransfer. These cells had the morphological characteristics of B-spermatogonia and were demonstrated as single cells and as small aggregates of cells in both the interstitium near the rete testis and within the seminiferous tubules.
Cryopreservation of male germ cells
Although advances in cryobiology have resulted in the development of well-de®ned media for the cryopreservation of mature spermatozoa, there is inadequate knowledge concerning the constituents of optimal chemical media for maintenance of the viability and function of immature male germ cells. In the present authors' laboratory, it has been shown that seminal plasma, milk and other speci®c media can serve as cryoprotectants for the maintenance of immature male germ cells during freezing or cryostorage (Yamamoto et al., 1999a) . Furthermore, in the latter study, the authors proved that post-thawing haploid round male germ cells could fertilize oocytes.
It has also been shown that donor germ cells recovered from prepubertal or adult mice have the capacity post-freezing/ thawing to generate donor spermatogenesis in recipient mouse seminiferous tubules . Among 30 recipient testes, 22 (73%) were found to be positive for donor spermatogenesis, post-transplantation of donor frozen/thawed germ cells. In the latter study, satisfactory colonization of recipient testes by donor frozen/thawed germ cells was found when propanediol and glycerol had been used as cryoprotective agents. The cryopreservation of spermatogonial cells in men with primary testicular damage or men with cancer offers advantages over the cryopreservation of spermatozoa, as the spermatozoon cannot replicate and a single spermatozoon carries a de®ned set of genetic information. In contrast, cryopreservation of spermatogonia allows the whole genetic information/potential of an individual to be preserved. Furthermore, an additional number of donor spermatogonia and subsequently spermatids/spermatozoa can be produced post-transplantation of donor frozen/thawed spermatogonia within the recipient testes (via mitotic divisions and via meiotic divisions respectively) since subpopulations of the donor spermatogonia undergo mitoses and subsequently meioses within the recipient testes. Frozen male germ lines could be considered as biologically immortal. The implications of this technology in basic sciences, medicine and zoology are tremendous.
Germ cell transplantation, reconstitution of spermatogenesis and the mechanisms of genetically based male infertility Disruption of spermatogenesis is commonly caused by factors affecting either the germ cells or Sertoli cells, or both. In most cases of male infertility the pathogenesis is not well de®ned. Several recent reports have detailed the importance of male germ cell transplantation techniques for investigating mammalian male infertility due to a natural gene mutation or a targeted gene deletion. Gene knockout experiments often lead to male infertility, and in most cases the testicular cell types where the disrupted gene is phenotypically important cannot easily be identi®ed. For the characterization of the latter cell types, transplantation of germ cells from the evaluated infertile (donor) animals into seminiferous tubuli of animals with distinct genetic features (Ogawa et al., 2000) may offer important information. Thus, transplantation of germ cells carrying a disrupted gene into a wild-type recipient may indicate the testicular cell types where the disrupted gene is phenotypically important.
One group (Mahato et al., 2000) transplanted male germ cells that had been recovered from testes of estrogen receptor-a (ERa) knockout infertile mice into the seminiferous tubules of germ cell-depleted, wild-type mice. The donor germ cells carrying the knockout mutation underwent qualitatively normal mitoses and meioses within the recipient testes, and the recipients became fertile. Offspring derived from the recipient mice were proven to have been generated from the fertilization of oocytes with spermatozoa that carried the disrupted gene for the ERa. This was the ®rst application of the germ cell transplantation technique to demonstrate that a gene knockout that disrupts spermatogenesis has no direct detrimental action on the germ cell capacity to proliferate and differentiate. The authors used coat colour differences in offspring to prove that some recipients post-transplantation produced spermatozoa (with fertilizing capacity) that carried the ERa knockout gene. Both of the estrogen receptors, ERa and ERb, have been reported in multiple cell types in the testis and the epididymis including germ cells (Hess et al., 1997) . Separate study of the ERa and ERb genes indicated a distinct functional role of ERa in spermatogenesis (Krege et al., 1998) , and provided biological proof that a direct action of estrogens on the germ cells is not required for the completion of spermatogenesis.
Another group (Johnston et al., 2001 ) injected testicular cells from mice with testicular feminization pathophysiology into the seminiferous tubules of azoospermic mice expressing functional androgen receptors. Recipient testes were analysed 110±200 days following transplantation, and multiple colonies of complete and qualitatively normal donor-derived spermatogenesis were observed within the tubules of the recipient testes. This demonstrated that male germ cells do not require functional androgen receptors and direct stimulation by the testosterone to complete spermatogenesis.
In a similar study (Ogawa et al., 2000) , spermatogonia were transplanted from an infertile mouse strain [Steel (Sl) mouse as donor of germ cells] to an infertile recipient mouse [dominant white spotting (W)] to determine if germ cells from that infertile male mouse were capable of generating spermatogenesis. Post-transplantation, the recipient mice were shown to be fertile. Thus, fertility was restored after transplantation of spermatogonia cells from an infertile donor into an infertile recipient that had a permissive testicular environment. The results of this study indicated that both the male germ cells and the supporting environment can retain full functional capability for long periods of time in the absence of normal spermatogenesis.
Another naturally occurring mutation in mice that affects spermatogenesis is the juvenile spermatogonial depletion (jsd). The overall result of this mutation is a single wave of spermatogenesis followed by a failure of type A spermatogonial cells to repopulate the testis. When testicular germ cells from jsd animals were injected into W/W v or busulfan-treated recipients (Boetger-Tong et al., 2000) , no donor-derived spermatogenesis was observed in the recipients. In contrast, when these authors injected germ cells without jsd mutation into jsd recipients, it was found that jsd animals could support donor spermatogenesis for up to 7 months. These data indicate that the jsd infertile phenotype is due to a defect in the germ cells and cannot be attributable to functional or anatomical alterations of the testicular somatic cells. In another study, donor germ cells derived from the wild-type green¯uorescent protein (GFP) transgenic mouse (B6-+/+ GFP) were injected into the seminiferous tubules of B6-jsd/jsd mutant mice (Ohta et al., 2001) . The former donor cells were able to undergo complete spermatogenesis within the recipients, indicating that the jsd mouse possesses an optimal testicular microenvironment for supporting germ cell differentiation. The conclusion of these experiments is that gene mutations which lead to germ cell inability to undergo meiosis do not preclude the probability that the respective testicular biochemical microenvironment allows differentiation of germ cells of a different gonotype.
Transplantation of spermatogonia from infertile mice carrying a mutation in the SCF gene into infertile mice with a mutated c-kit receptor gene leads to qualitatively normal spermatogonial repopulation of the recipient testes with developing and differentiating donor germ cells due to the presentation of recipient Sertoli cells producing membranebound SCF and donor germ cells expressing the functional ckit receptor. Thus, one group (Ohta et al., 2000) showed that SCF stimulation is required for differentiation of germ cells but not for spermatogonial stem cell proliferation (mitoses). In additional experiments, these authors transplanted undifferentiated testicular germ cells of GFP transgenic mice into seminiferous tubules of mutant mice with male sterility, such as those dysfunctioned at the Steel (Sl) locus encoding the c-kit ligand or at the Dominant white spotting (W) locus encoding the c-kit receptor. In the seminiferous tubules of Sl/Sl d or Sl 17H / Sl 17H mice, transplanted donor cells proliferated and formed colonies of undifferentiating spermatogonia but were unable to differentiate further. When these undifferentiated but proliferating spermatogonia were retransplanted into Sl (+) seminiferous tubules of W-locus-mutant animals, they resumed differentiation. These experiments have indicated very vividly that when germ cell transplantation techniques are used to reconstitute spermatogenesis in subjects with testicular damage, stimulation of c-kit receptor by its ligand is necessary for the achievement of full donor spermatogenesis within the recipient testis.
Culture of spermatogonia cells prior to transplantation
Optimal conditions for culturing donor germ cells pretransplantation
Culture of spermatogonial cells in vitro increases their number and allows transplantation of a larger number of donor premeiotic germ cells within a recipient testis. Meiotic differentiation of male germ cells in culture has been reported (Rassoulzadegan et al., 1993) . These authors reported that mouse immature germ cells differentiated up to the spermatid stage in vitro when they had been co-cultured with a Sertoli cell line, although in that study in-vitro-derived spermatids never proceeded to form mature spermatozoa. Additionally, the invitro culture system could not be maintained beyond 2 weeks. In another study (Kierszenbaum, 1994) , it was claimed that germ cells could not survive in vitro for longer than a few weeks, though the absence of an assay to evaluate spermatogonia cell function prevented accurate evaluation of cell function. The development of a spermatogonial transplantation technique has provided a functional assay to assess the potential for meiosis of any population of spermatogonia (Brinster and Avarbock, 1994; Brinster and Zimermann, 1994) . It should be emphasized that the rationale to culture donor germ cellular populations prior to the performance of transplantation techniques is to increase the number of premeiotic spermatogonial cells rather than the number of spermatocytes and spermatids. Among the transplanted donor germ cells, the spermatogonia are the cells that will move towards the basement membrane of the recipient tubules and will organize the ®rst colonies of donor spermatogenesis within the recipient tubules.
It has also been demonstrated ) that mouse testicular spermatogonial cells could be cultured in Dulbecco's modi®ed Eagle's medium containing 10% fetal bovine serum on a feeder layer of STO cells for 4 months, and could still generate donor spermatogenesis successfully when transplanted into recipient mice. Donor premeiotic germ cells pretransplantation survived under relatively simple culture conditions without the addition of growth factors and/or hormones into the culture media. In this experiment all the successful donor germ cellular cultures that subsequently resulted in spermatogenesis following transplantation into recipients had been supported by STO feeder cells. STO feeder cells are known to have a bene®cial effect on cultures of embryonic stem cells and primordial germ cells (Matsui et al., 1992; Resnick et al., 1992) . This bene®cial effect during culture (pretransplantation) may be mediated by growth factors and cytokines secreted by the feeder layer or by cellular associations between the germ cells and the feeder cells (Robertson, 1987; Smith et al., 1992) . Under these conditions germ cells remained alive in culture up to 111 days.
Today, it appears that the culture of male germ cells pretransplantation is possible, and increasing the number of spermatogonia available for transplantation may have a bene®cial effect on transplantation outcome.
Human spermatogenesis in vitro
Numerous researchers have aimed to induce human male germ cell meiosis in vitro. One group (Aslam and Fishel, 1998) cultured in-vitro cellular suspensions from men with obstructive and non-obstructive azoospermia for 96 h. The culture medium was a modi®ed Eagle's minimum essential medium supplemented with 15 mmol/l HEPES, pyruvic acid, lactic acid, glutamine, penicillin, streptomycin and 10% fetal bovine serum. Some cells gradually lost their viability during the ®rst 24 h period, and all cells eventually lost it after 72±96 h of culture. However, during the culture period 22% of round spermatids developed some growth of¯agella. Studies in the present authors' laboratory (So®kitis et al., 1998a; led to the development of the SOF medium for the maintenance of cell viability and function of spermatogonia, spermatocytes and spermatids for relatively long periods. With SOF medium, it was possible to prolong viability and maintain the function of both round and elongating spermatids in vitro. Although SOF medium contains lactate and glucose as energy substrates, it should be emphasized that the preferred energy substrate for immature germ cells is lactate rather than glucose (So®kitis et al., 1998a) . Protection of round spermatids against environmental shock, as well as stabilization of the spermatid membrane, was achieved by adding cholesterol to the SOF medium in low concentrations. Vitamins and ferric nitrate were also selected as components of the SOF medium due to their positive in¯uence on spermatid viability.
It was also demonstrated that FSH stimulates both male germ cell meiosis and spermiogenesis during in-vitro culture of human germ cells in GAMETE-100 medium in the presence of Sertoli cells (Tesarik et al., 1998) . In addition, testosterone was found to potentiate the effect of FSH on meiosis and spermiogenesis; this was most likely due to preventing apoptosis in Sertoli cells. It has also been suggested (Tesarik et al., 1998; 1999) that human spermatogenesis can proceed in vitro at an unusual rate in the presence of high concentrations of FSH and testosterone, though the gametes generated are often morphologically abnormal. A report was also made (Tesarik et al., 1999) that the use of this method in patients with spermatogenetic arrest resulted in a birth after fertilization of oocytes with elongated spermatids obtained by in-vitro meiosis of primary spermatocytes.
Others cultured in vitro (co-culture with Vero cells) round spermatids recovered either from men with non-obstructive azoospermia with late maturation arrest, and also from one patient with total globozoospermia. Mature spermatozoa with normal morphology were detected after 5 days of culture in one man with spermatogenetic arrest, and also from the patient with total globozoospermia. These authors suggested that co-culture with Vero cell monolayers could support full maturation of human round spermatids. In a subsequent study (Cremades et al., 2001) , evidence was provided that few round spermatids could differentiate in vitro up to the elongated spermatid or spermatozoon stage after a 7-to 12-day culture period with Vero cells. The latter spermatids were able to fertilize human oocytes, and normal embryos were generated.
Xenogeneic transplantation of mammalian male germ cells
One group (Clouthier et al., 1996) transplanted rat germ cells into the seminiferous tubules of immunode®cient mice and generated rat spermatogenesis in all of 10 recipient mice (and in 19 of 20 testes). Some recipients were found positive for donor spermatozoa within their epididymides. Others also transplanted rat germ cells into the seminiferous tubules of immunode®cient mice. The success of these rat to mouse transplants led to a re-evaluation of the role of the Sertoli cell in terms of its requirement to support differentiation of germ cells. Rat germ cell associations in the mouse seminiferous tubuli followed the characteristic patterns of rat spermatogenesis. The recipient Sertoli cells associated with rat spermatogenesis were identi®ed ultrastructurally as being of mouse origin. However, donor spermatogenesis derived from the xenogeneic germ cells was not always qualitatively or quantitatively complete in the recipient animals as donor-elongated spermatids were often missing or deformed. In recipient tubular regions lacking donor spermatogenesis, recipient Sertoli cells were phagocytosing donor-elongated spermatids, indicating that some recipient Sertoli cells do not support donor spermatogenesis and develop surface features that can recognize donor-elongated spermatids and remove them.
In another study (Franca et al., 1998) , rat germ cells were transplanted into mouse testes and the mice killed at 12.9±13 days after transplantation. The most advanced rat germ cell subtype labelled within the recipient testis was the pachytene spermatocyte of stages VI±VIII of the rat spermatogenic cycle. Recipient animals had been treated with busulfan pretransplantation. In the recipient animals that underwent transplantation of rat germ cells, a degree of mouse endogenous spermatogenesis recovered. The most advanced labelled mouse germ cell types (in recipients killed at 12.9±13 days post-transplantation) were meiotic cells or young spermatids. The same ®ndings were observed if a mixture of rat and mouse germ cells were transplanted into mice recipients. Two separate timing regimens for germ cell development were found in the recipient mouse testis: one of rat duration, and one of mouse duration. Rat donor germ cells that were supported by recipient mouse Sertoli cells always differentiated with a cell cycle timing characteristic of the rat and generated the spermatogenic structural pattern of the rat. Thus, the length of the spermatogenic cycle of the rat remained the same in the mouse testis as in the rat testis, indicating that the length of germ cell cycles was determined by the germ cells alone and was not in¯uenced by Sertoli cells.
Subsequently, the rat was used as a recipient animal and both rat and mouse germ cells were transplanted into the seminiferous tubules . These authors showed that 55% of rat testes were colonized by mouse cells. Depletion of recipient endogenous spermatogenesis before donor cell transplantation was more dif®cult in the rat than had been reported previously for mouse recipients. The transplantation of mouse testicular cells into rat seminiferous tubules was most successful in cryptorchid recipients pretreated with busulfan. Mouse donor cell-derived spermatogenesis within the recipient rat testis was proven. Pretreatment of rat recipients with leuprolide had a bene®cial effect on the colonization of the recipient testis by donor mouse cells. The authors suggested that recipient testicular preparation prior to donor spermatogonial cell transplantation is critical, and differs among species.
In the present authors' laboratory, testicular germ cells were transplanted from cryptorchid hamsters into the seminiferous tubuli of recipient immunode®cient mice, immunode®cient rats and non-immunode®cient Wistar rats (Tanaka et al., 1997) . After removal and mincing of the recipient testicular tissue and epididymal tissue, it was found that hamster spermatogonia had differentiated up to the spermatozoon stage within the recipient seminiferous tubuli (Figure 1 ). An interesting observation was that in some microscopical ®elds of the droplets prepared from the minced recipient tissue the number of donor spermatozoa was larger than that of the recipient spermatozoa. Transmission electron microscopy (TEM) revealed hamster round spermatids within the recipient seminiferous tubuli (Figures 2 and 3) . A novel characteristic of these studies was that as donors had been used, any primary testicular damage seen was due to the induction of cryptorchidism. Donors with primary testicular damage have been chosen on the basis that if the transplantation techniques are applied in future for the management of non-obstructive azoospermia, then the candidates for such treatments should be men with primary testicular damage. The recipients had not been treated with busulfan. Immature animals with spermatogenic arrest at the spermatogonium or primary spermatocyte stage had been used as recipients in all experiments (see below for the advantages and disadvantages of preparing recipients with busulfan). The accomplishment of donor hamster spermatogenesis within a recipient Wistar rat testis indicates that the immunological privilege properties of the testis of a non-immunode®cient recipient animal may be occasionally suf®cient for the survival of donor xenogeneic cells within the recipient testis. Ooplasmic injections of hamster spermatozoa generated in xenogeneic testes resulted in fertilization and adequate embryonic and fetal development up to the delivery of healthy offspring. The latter animals were proven later to be fertile (Shimamoto et al., 1999 ; ®rst posttransplantation offspring generation), and the second and third post-transplantation offspring generations were also fertile. The results of these experiments represent the ®rst application of assisted reproductive technology using end haploid products of donor spermatogenesis within a xenogeneic recipient testis.
Another group (Ogawa et al., 1999b ) also achieved hamster spermatogenesis in xenogeneic testes. These authors showed that hamster spermatogenesis could be produced within immunode®-cient mouse recipients by transplanting fresh hamster donor testicular cells into the seminiferous tubules or rete testis of immunode®cient mice that had been pretreated with busulfan before transplantation. Hamster spermatogenesis was identi®ed in the testes of all 13 recipient mice, and approximately 6% of the evaluated recipient seminiferous tubules demonstrated xenogeneic donor spermatogenesis. Additionally, frozen/thawed hamster testicular cells post-transplantation were differentiated within the Germ cell transplantation xenogeneic recipients. However, the outcome of transplantation techniques using donor frozen/thawed germ cells appeared to be inferior to that achieved with fresh germ cell transplantation techniques. Some morphologically abnormal hamster spermatids were recognized in the recipient seminiferous tubuli; speci®cally, hamster elongated spermatids with abnormal head shapes were frequently observed. Within the recipient mouse epididymides the acrosomes of hamster spermatozoa were often absent or poorly formed. It appears that although transplantation techniques can be successful in xenogeneic recipients, the derived haploid cells may have anatomical abnormalities.
The xenogeneic transplantation of either rabbit or dog testicular germ cells into mouse seminiferous tubules and of porcine, bovine or equine testicular germ cells into mouse seminiferous tubules , did not result in the production of donor spermatozoa within the recipient testes. All the recipient mice were immunode®cient and had been treated with busulfan approximately 4 weeks prior to donor germ cell transplantation to deplete endogenous spermatogenesis in the testes. Post-transplantation, donor rabbit germ cells were present in the testicles of all recipients and had proliferated to form chains of cells connected by intercellular bridges or formed more elaborate mesh structures. This pattern of colonization did not change during the 12-month observation period. Dog testicular germ cells (fresh, cryopreserved or cultured) were found located in pairs, short chains or small mesh structures in the recipient seminiferous tubules post-transplantation. The colonization of recipient seminiferous tubuli appeared less extensive than that observed after transplantation of rabbit germ cells. Porcine donor germ cells formed chains and networks of round cells connected by intercellular bridges, but advanced stages of donor-derived spermatogenesis were not observed within the recipient seminiferous tubuli. Transplanted donor bovine testicular germ cells initially exposed a similar architecture but then developed predominantly into ®brous tissue within the recipient seminiferous tubules. Few equine donor germ cells proliferated within the recipient mouse testes. Transplantation techniques of equine germ cells recovered from a scrotal testis or from a cryptorchid testis resulted in similar outcome. These results indicated that under the experimental conditions followed by these authors, fresh or cryopreserved germ cells from a few mammalian species could colonize recipient mouse testes but did not differentiate beyond the stage of spermatogonial expansion. The authors hypothesized that the longer the phylogenetic distance between the donor and the recipient becomes, the less likely is spermatogonial transplantation to result in complete donor spermatogenesis within the recipient testis. The authors speculated that the mouse Sertoli cell may not 2. Intracellular differences among mouse, rat, hamster and human round spermatids. The mitochondria are located peripherally in rat round spermatids, whereas mouse, hamster and human round spermatids have mitochondria distributed randomly within the cytoplasm. In mouse round spermatids, the Golgi cap greatly deforms the nuclear membrane. be able to support donor spermatogenesis of animals phylogenetically further removed than the hamster. Additionally, since donor spermatogonia were found in the immunode®cient recipients, immunological incompatibility might not be responsible for the failure of achieving donor spermatogonia differentiation in the latter experiments. On the other hand, the recipients in most of the latter studies were busulfan-treated animals. The administration of busulfan may have in¯uenced detrimentally the recipient Sertoli cell secretory function, with an overall result being an inability of the recipient Sertoli cells to support donor germ cell differentiation. In addition, no efforts were directed to enhance the immunological privilege properties of the recipient testis (as suggested previously; Shimamoto et al., 1999) . Furthermore, the recipients were not immature in all of the above experiments. Mature animals are considered as less appropriate recipients than immature animals (Shinohara et al., 2001) . For all the above reasons, the authors' conclusion concerning the presumed causes of failure to induce donor germ cell differentiation in the above experiments cannot be unequivocally adopted.
Baboon testes from both prepubertal and post-pubertal animals have also been used to show that donor spermatogonial cells of this species, regardless of reproductive age, have the capacity to establish germ cell colonies in recipient mice (Nagano et al., 2001) . The latter colonies remained within the recipient seminiferous tubuli for periods of at least 6 months. The long survival of baboon germ cells in the mouse testis and the formation of clusters may represent (according to the authors' speculation; Nagano et al., 2001) a process of slow division of undifferentiated spermatogonia followed by apoptosis of early differentiation stages, as described previously (van Pelt and de Rooij, 1990; de Rooij et al., 1999) . The undifferentiated donor spermatogonia replicated but were unable to proceed to differentiating spermatogonial stages, and ®nally underwent apoptosis. Recipient animals had been pretreated with busulfan to destroy the endogenous spermatogenesis, and this may have affected recipient Sertoli cell secretory function and donor germ cell differentiation. The maintenance of primitive baboon germ cell clusters in mouse testes clearly demonstrated that antigens, growth factors and signalling molecules which interact between baboon germ cells and the mouse seminiferous tubular environment have been preserved for 100 million years in these widely divergent species (for additional information, see Kumar and Hedges, 1998) .
Transplantation of human male germ cells into xenogeneic testes
One series of investigations (Reis et al., 2000) failed to establish a complete human spermatogenic line in the testes of mutant aspermatogenic (W/W v ) mice and severe combined immunode®-cient (SCID) mice. The latter species received human spermatogenic germ cells, obtained from testicular biopsy specimens of adult non-obstructed or obstructed azoospermic men undergoing infertility treatment. However, sections from the recipient testes examined up to 150 days after transplantation showed recipient seminiferous tubules lined mainly with recipient Sertoli cells, whereas xenogeneic germ cells were not found. The authors speculated that the donor germ cells were unable to survive and colonize the mouse testes due to non-compatible cellular interactions and immunological rejection resulting from interspecies differences. However, the conclusions of this study (Reis et al., 2000) cannot be unequivocally accepted for the following reasons:
(i) in order to identify human germ cells, the authors relied on an antibody against proacrosin which appears only in the late stages (mid-pachytene primary spermatocytes and spermatids) of germ cell differentiation (Nagano et al., 2001) ; thus, undifferentiated human spermatogonia and early primary spermatocytes could not be identi®ed by the authors' methodology;
(ii) the number of donor germ cells transplanted was low; (iii) the authors did not use any method to enhance the immunological privilege properties of the recipient testis (as in the study of Shimamoto et al. (1999) ; (iv) the recipients used were neither immature nor newborns (studies by Shinohara et al., 2001 , support So®kitis' laboratory choice to use as host testes for donor germ cells those of immature animals rather than mature animals); and (v) the recipients used had been treated with busulfan or were aspermatogenic (recipients carried a mutation disrupting spermatogenesis).
Two points should be mentioned, however. First, busulfan may have affected recipient Sertoli cell secretory function and subsequently may have had a detrimental effect on recipient intratesticular pro®les of androgen-binding protein impairing the differentiation of donor germ cells. Second, Sertoli cells from aspermatogenic animals may have had a secretory dysfunction due to the lack of experience to interact with germ cells. Hence, the lack of positive ®ndings in this study may not be due to noncompatible cellular interactions between recipient and human cells, but rather attributable (at least in part) to the methods used by the authors and to the preparation of the recipients pretransplantation (Reis et al., 2000) .
Techniques to increase recipient colonization by donor cells

Selection/preparation of donor germ cells
When selecting donor germ cells for transplantation techniques, the choice of donor cell subpopulations with speci®c surface biochemical markers helps to improve the colonization of the recipient seminiferous tubuli with donor sperm cells. One group (Shinohara et al., 1999) studied the known association of stem cells with basement membranes in order to identify speci®c molecular markers on the stem cell surface that may in¯uence recipient colonization ef®ciency. The selection of mouse testicular cells with anti-b 1 -or anti-a 6 -integrin antibody resulted in the isolation of germ cell populations with signi®cantly enhanced ability to colonize recipient testes. Spermatogonial cells that adhered preferentially to laminin but not to collagen IV or ®bronectin were proven to have the capacity to colonize recipient testes. The ability of fractions of spermatogonial cells to adhere to laminin suggested that integrins may have a role in the identi®cation of the respective fractions because b 1 -integrin has the ability to adhere to laminin, and a 6 -integrin forms dimers with b 1 -integrin (Hynes, 1992) . Subpopulations of testicular cells can be isolated with a system of magnetic beads and anti-b 1 and anti-a 6 -integrin antibodies (Shinohara et al., 1999) . The colonization of recipient testes by donor germ cells selected
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with the aid of anti-b 1 and anti-a 6 -integrin antibodies is signi®cantly enhanced compared with control donor germ cells. Additionally, donor germ cells selected by anti-a 6 -integrin antibodies appear to be twice as effective in colonizing recipient testes as those selected by anti-b 1 -integrin antibodies. In contrast, spermatogenic cells selected with an anti-c-kit antibody did not show improved rates of recipient testicular colonization. b 1 -and a 6 -integrins could be used as markers to identify subpopulations of donor spermatogonial stem cells with a higher potential to colonize recipient testes. The presence of surface integrins on spermatogonial stem cells suggests that these cells share elements of a common molecular machinery with stem cells in other tissues, including haematopoietic, intestinal epithelial and epidermal (Potten, 1992) . One group (Shinohara and Brinster, 2000; Shinohara et al., 2000a) examined the colonization ability of a population of testicular cells enriched in stem cells. These authors demonstrated that Sl infertile mutant mice can provide an enriched source of testicular stem cells for transplantation techniques. In this mutant, the spermatogonia stem cells constitute a relatively high subpopulation of testicular cells (compared with the wild-type mouse). The cryptorchid model provides another rich source of stem cells; one cell in 200 testicular cells is a spermatogonium stem cell. Using germ cell transplantation techniques as a functional assay to evaluate quantitatively the presence of spermatogonial stem cells, it was found that testicular cells recovered from cryptorchid mice were highly enriched in stem cells (Shinohara et al., 2000b ). It appears that the function of spermatogonial stem cells is not adversely affected by the elevated temperature of a cryptorchid testis. Donor testicular germ cells from the Sl mutant mouse increased the number of donor germ cell colonies within recipient testes post-transplantation to a much lower extent than was achieved by spermatogonial cells recovered from cryptorchid mice. Furthermore, the same authors used an invitro¯uorescence-activated cell sorting (FACS) cellular analysis in populations of spermatogonia from cryptorchid testes to develop qualitative and quantitative cellular criteria that indicate spermatogonial stem cell subpopulations (Shinohara et al., 2000b) . The most effective stem cellenrichment strategy was the selection of testicular germ cells with proven expression of a 6 -integrin and low side scatter. This strategy resulted in a 166-fold enrichment in spermatogonial stem cells.
Another means of increasing the outcome of transplantation techniques is to enhance the immunological privilege properties of the recipient testis by co-transferring recipient anterior chamber eye cells together with the donor germ cells (Shimamoto et al., 1999) within the recipient seminiferous tubuli. Co-transplantation of anterior chamber eye cells increases the percentage of in®ltrating leukocytes that undergo apoptosis post-penetration of a recipient seminiferous tubule, with a bene®cial result on the survival of the transplanted donor germ cells and the transplantation technique outcome. Additionally, ®ndings in the present authors' laboratory suggest that infusion of interferon-g into a recipient seminiferous tubule at the time of donor germ cell transplantation upregulates the FasL expression by the recipient Sertoli cells, increases the percentage of in®ltrating leukocytes that undergo apoptosis after the mechanical penetration/injury of the seminiferous tubule, and also improves the outcome of transplantation techniques (Shimamoto et al., 1999) .
Preparation of recipient animals
The induction of meiosis of hamster spermatogonia has been reported not only within the tubules of immunode®cient animals but also within the tubules of a non-immunode®cient animal (Tanaka et al., 1997) . This study was the ®rst to suggest that the local immunological privilege properties of the testis of a non-immunode®cient animal may be occasionally suf®cient to allow survival and differentiation of donor germ cells.
A novel characteristic of two studies carried out in the present authors' laboratory (Tanaka et al., 1997; Shimamoto et al., 1999) was the presence of a certain degree of endogenous spermatogenesis in the recipient animals at the time of transplantation. Recipients were immature mice and rats with arrest at the spermatogonium or primary spermatocyte stage (in most of the cases). Endogenous recipient spermatogenesis had not been destroyed with toxic agents (i.e. busulfan) prior to transplantation. The presence of a degree of endogenous spermatogenesis in the recipients at the time of transplantation in these experiments may explain the presence of a mixed type of donor-recipient spermatogenesis within the same recipient seminiferous tubule post-transplantation. Others (Brinster and Avarbock, 1994; Brinster and Zimmermann, 1994; Clouthier et al., 1996; Nagano et al., 2001 ) used as recipients, animals with endogenous spermatogenesis absent/disrupted due to genetic/ toxic factors respectively. This may explain the fact that in their studies, post-transplantation recipient seminiferous tubuli showed only donor spermatogenesis or only recipient spermatogenesis. Mixed-type donor and recipient spermatogenesis was not observed within the same recipient seminiferous tubule in the latter studies. Although the absence of endogenous recipient spermatogenesis in the recipients at the time of donor germ cell transplantation may facilitate movement of the donor germ cells from the recipient seminiferous tubule lumen towards the basement membrane, and also be accompanied by a lower recipient intratubular pressure that decreases the resistance to the injection of donor germ cells, toxic agents administered for disruption of endogenous spermatogenesis may result in the development of an intratubular biochemical environment that is not optimal/ideal for colonization/differentiation of donor germ cells. In addition, sterile mutant animals (used by other authors as recipients) may not be ideal recipients because their Sertoli cells do not have the`experience' to support meiosis and spermiogenesis and subsequently may not have optimal capacity to support the spermatogenesis of donor germ cells that enter the recipient seminiferous tubuli non-physiologically. In the two studies (Tanaka et al., 1997; Shimamoto et al., 1999) conducted in the present authors' laboratory, most of the recipients were immature animals with arrest at the spermatogonium or primary spermatocyte stage. The choice of immature animals that had neither been treated with busulfan nor were genetically aspermatogenic in the latter two studies was supported by the study outcome showing busulfan to have a long-term detrimental effect on Sertoli cell secretory function and subsequently to impair (or decrease) the recipient Sertoli cell capacity to support donor germ cell differentiation. Hence, sterile aspermatogenic mutant mice have diminished Sertoli cell secretory function compared with SCID mice or nude mice and subsequently may support donor spermatogenesis to a lesser degree.
Prolonged administration of GnRH-agonists inhibits the secretion of LH and FSH, followed by suppression of testosterone production by the testis and disruption of spermatogenesis (Hadziselimovic et al., 1987; Ogawa et al., 1989; Meistrich and Kangasniemi, 1997) . Leuprolide, in reducing intratesticular testosterone and subsequently disrupting spermatogenesis in the recipient animals, may be used to suppress endogenous recipient spermatogenesis in recipient animals pretransplantation. The ef®ciency of colonization of recipient testes by donor cells was shown to be markedly higher after pretreatment of recipients with leuprolide Dobrinski et al., 2001) .
Methods for germ cell transplantation
Microsurgical puncture of seminiferous tubules was the initial approach to transfer donor germ cells into a recipient testis. The standard method for donor germ cell transplantation in the present authors' laboratory (Tanaka et al., 1997; Shimamoto et al., 1999) is the penetration of a seminiferous tubule by two needles, guided by two micromanipulators. Several seminiferous tubuli are punctured in each recipient testis. One group (Ogawa et al., 1997) reported two additional methods for introducing donor germ cells into recipient seminiferous tubules. First, introduction of the donor germ cells into the recipient efferent ducts; and second, introduction of the donor germ cells into the recipient rete testis. Direct injection of donor germ cells into the recipient seminiferous tubules is less invasive and allows entrance of donor germ cells into several tubules at various sites on the testicular surface. However, this approach is the most time-consuming (compared with donor germ cell transfer into the efferent ducts or rete testis) and may be inappropriate and ineffective for testes larger than those of rodents.
Injection of donor cellular suspensions into the recipient efferent ducts (Ogawa et al., 1997 ) is a more dif®cult technique and requires careful surgical dissection to expose the delicate efferent ducts. Post-transfer of donor germ cells into the recipient efferent ducts develops excessive intratesticular pressure which may result in intratesticular ischaemia, with a subsequent detrimental effect on donor cell viability and on the recipient tubular environment. However, this technique is more quickly performed than seminiferous tubular injection. An advantage of introducing donor cells into an efferent duct is that the injecting pipette can be held securely into the duct; this results in minimal donor cell suspension¯uid leakage. Thus, smaller volumes of donor cell suspensions are needed to ®ll the recipient tubules.
Injection of donor cells into the recipient rete testis requires less dissection than that needed to expose the recipient efferent ducts, and for this reason it is a more rapid approach. However, only one or two rete testis penetrations can be performed before leakage occurs and prevents ®lling of the tubules. Rete testis puncture is the easiest technique for transferring donor germ cells without the aid of a micro-manipulator or pressure injector. It may be considerably more dif®cult to perform in some species, such as monkey, pig or sheep, which have an axial rete testis located deep inside the testis (Ogawa et al., 1997) .
It has been suggested (Ogawa et al., 1997 ) that microinjection of donor germ cell suspensions into the recipient seminiferous tubules, efferent ducts or rete testis is equally effective in generating donor germ cell-derived spermatogenesis in recipients. Using a microinjection apparatus, a volume of 10 to 50±100 ml can easily be injected into recipient rodent seminiferous tubuli, which is appropriate for the immature, mature and post-mature rat and mouse testis. However, in animals with larger testes, larger volumes of donor cell suspensions (occasionally >2 ml) are needed to ®ll the recipient testes. The development of transplantation techniques into larger (than rodent) mammalian testes is not an easy task. Microinjection into the seminiferous tubules of calf, bull, monkey and man is a dif®cult procedure due to a resistant lamina propria and a highly convoluted tubular mass. An alternative technique has been developed (Schlatt et al., 1999) for germ cell transfer into the primate testis, using ultrasonographically guided injections into the rete testis. This technique allowed an ef®cient ®lling of up to 70% of the recipient seminiferous tubules when the secretory activity of the recipient testis had been reduced.
Patterns, kinetics and differentiation of donor germ cells within the recipient seminiferous tubuli
An intriguing question concerning colonization of a recipient seminiferous tubule by donor germ cells is the pattern and timing of donor germ cell divisions post-transplantation. Two groups (Ogawa et al., 1997; used the transgenic mouse line B6, 129-TgR (ROSA 26) from the Jackson Laboratory (ROSA 26) [this was developed using gene trapping methods and it contains the E. coli LacZ (lacZ) structural gene] to evaluate the kinetics of donor germ cell post-transplantation. In the latter study, it was found that the donor germ cell suspension remains widely dispersed within the recipient seminiferous tubules during the ®rst weeks following transplantation. At 4 weeks posttransplantation, donor germ cells are divided on the basement membrane of the recipient seminiferous tubuli, forming a network. Differentiation of donor germ cells to more mature germ cell stages appears to begin after this initial colonization and spreading on the recipient seminiferous tubulus basement membrane.
One group (Nagano et al., 1999) observed the pattern and kinetics of mouse seminiferous tubular colonization by donor cells during a 4-month period post-transplantation. The recipient testes were ®xed in 4% paraformaldehyde, washed, and stained with Xgal (Ogawa et al., 1997) . Using this system it was possible to observe that the recipient seminiferous tubular colonization process by the donor cells could be divided into three continuous phases. During the initial week, transplanted donor cells were randomly distributed along the recipient tubules and a small number reached the basement membrane. In the period between the ®rst to the fourth week post-transplantation, donor germ cells on the basement membrane divided and formed a monolayer network. Following the end of the ®rst month, cells in the centre of the network differentiated extensively and established a colony of spermatogenesis which expanded laterally by repeating the two previous phases. The number of colonized sites in the recipient testis did not change in the period between the ®rst and the fourth month. However, the average length of donor cellular colonies increased from 0.73 to 5.78 mm between the ®rst and the fourth month. These experiments have offered an approach to study in a systematic and quantitative manner the pattern and kinetics of the donor germ cell colonization process. Others (Parreira et al., 1999) evaluated by morphometric and ultrastructural studies (light and electron microscopy) the development of germ cells transplants. At 10 min post-transplantation, donor germ cells developed relationships with small recipient Sertoli cell processes, and these relationships remained in place for one week post-transplantation. Clones of donor spermatocytes were found one month posttransplantation of mouse germ cells into mouse seminiferous tubules. Mature donor spermatozoa were produced up to the end of the second month post-transplantation, and by the end of the third month an average of 30% of the recipient testes contained donorderived spermatogenesis. The cumulative lateral spread of donor spermatogenesis in a recipient tubule was rapid, moving at approximately 55±60 mm per day. However, in order to calculate the length of the colonies of donor cells the authors used an eyepiece micrometer on a stereo microscope. This technique should be considered subjective and extremely labour-intensive, thereby limiting its application for detailed analysis of donor spermatogenic colonization after transplantation .
A computer-assisted image analysis system that evaluates quantitatively a wide range of information available by microscopic observation of specimens has also been developed . Donor spermatogenesis in a recipient testis was identi®ed by blue staining of donor-derived spermatogenic cells expressing the E. coli lacZ structural gene. Stained seminiferous tubules containing donor-derived spermatogenesis were selected for quantitative analysis, taking into consideration their colour-by-colour thresholding (range of blue). Colonization was appreciated as number, area and length of stained tubules. Interactive, operator-controlled colour selection and sample preparation accounted for less than 10% variability for all collected parameters. This system quanti®ed the degree of colonization of donor germ cells in recipient testes following the injection of a known number of donor cells. The relationship between the number of transplanted cells and the colonization ef®ciency was investigated. The authors found a linear correlation between the number of injected cells and the degree of colonization. Transplantation of 10 4 donor germ cells per mouse testis only rarely resulted in recipient testicular colonization, whereas after transplantation of 10 5 and 10 6 donor germ cells per mouse testis the extent of donor-derived spermatogenesis in the recipient seminiferous tubuli was directly related to the number of transplanted donor cells. It appears that approximately 10% of the transplanted spermatogonial cells participate in colony formation in the recipient testis. Another group (Shinohara et al., 2001) , when using this computer-assisted imaging system technology, found a 39-fold increase in mouse male germ line stem cells during development from birth to the maturity. In addition, these authors found small differences in the size of the colonies of the donor cells within the recipient testis when the donor germ cells had been recovered from young or adult mice. Transplantation of donor germ cells was more effective when immature pup testes were used as recipients (Shinohara et al., 2001) . This supports the methodology of the transplantation programme in the present authors' laboratory in employing immature animals exclusively as recipients (Tanaka et al., 1997; Shimamoto et al., 1999) . The authors suggested that the microenvironment of the pup testis represents a more hospitable biochemical environment for transplantation of male germ-line stem cells. The colonization area per donor spermatogonium stem cell was 4.0-fold larger in immature pup recipient testes than in adult recipient testes.
Potential clinical applications of male germ cell transplantation techniques
Genome preservation in cancer patients, using a recipient animal testis
The cryopreservation of spermatogonia (for transplantation purposes into host animal testes) from young patients with cancer, who are scheduled to undergo chemotherapy, is of major clinical importance. Male germ cells obtained before chemotherapy can be frozen and, after thawing, can be transplanted into immunode®cient animals to maintain the entire genetic information of the donor for a limited period. In addition, the xenogenic transplantation of a patient's germ cells into an animal testis might increase the number of human spermatogonia with a potential to enter meiosis, since subpopulations of the transplanted human spermatogonia would be anticipated to undergo mitosis within the animal testis. This represents an advantage of the combined freezing/ transplanting germ cells from men with cancer over the use of cryopreservation alone, as the former procedure may lead to an increase in the number of transplanted spermatogonial stem cells within the recipient testis. This would allow (on completion of chemotherapy) a larger number of spermatogonial stem cells to be transplanted back from the surrogate animal host to the patient. In this way, the recipient animal testis can be used to maintain for a certain period the genome of a cancer patient, and on completion of chemotherapy a larger number of the patient's spermatogonial cells (compared with the number originally transplanted into the recipients) can be transferred back to the patient's testis.
It has also been suggested that the maintenance of donor germ cells in a recipient animal might be susceptible to risks related to the transmission of viruses from recipient to donor (Jahnukainen et al., 2001 ).
Another group (Schlatt et al., 1999 ) demonstrated a rapid and effective method for the enrichment of spermatogonia from testicular cell suspensions, the aim being to avoid the contamination of a donor cell population with malignant cells. Receptors for c-kit are present in the plasma membrane of spermatogonia. A magnetic cell separation technique using ckit antibodies to detect spermatogonia allowed fractions of spermatogonia from rat, hamster and monkey testes to be puri®ed. This approach could be used to select only desirable cellular populations to transfer into recipients in order to avoid contamination of the donor cellular populations with malignant cells. However, until either an improved method for purging testicular cancer cells, or a new technique for the early detection of contaminating malignant cells is developed, this technique may not be unequivocally accepted for routine performance.
Autotransplantation of frozen/thawed germ cells in men with testicular cancer, without using a recipient animal testis Using different techniques, frozen/thawed human testicular germ cells can be transplanted back to the patient's testis without using a recipient animal testis as a surrogate organ, as proposed in the previous paragraph.
Candidates may be men with unilateral testicular cancer who are about to undergo unilateral radical orchiectomy. At the time of such surgery, germ cells can be isolated from the contralateral healthy testis. In addition, it is important that biopsies from the contralateral testis show an absence of neoplasia; fractions of testicular germ cells from the healthy testis will be then frozen. At 5±7 months after completion of chemotherapy in men with advanced testicular cancer, frozen±thawed germ cells can be transplanted back to the rete testis of the contralateral testis to the neoplastic testis. At several months after transplantation, semen samples should be evaluated for the presence of spermatozoa. Autotransplantation of testicular frozen± thawed germ cells post-chemotherapy may represent a means of colonizing the human testis with its own cells, having as an overall target the appearance of spermatozoa in the ejaculate.
Germ cell transplantation techniques to preserve endangered species
Cryopreservation and germ cell transplantation procedures can be applied to preserve the germ cell lines of older animals that are unable to breed, or of economically valuable animals and endangered species. Before cryopreservation and transplantation procedures are conducted, a germ cell culture system may increase the number of spermatogonia in vitro and allow a larger number of spermatogonial cells to be frozen. The frozen/ thawed spermatogonia may then be transferred to host animal recipients. Thus, it is possible to maintain and further increase the number of donor spermatogonia within the host animal recipients. Some of the donor spermatogonia will generate further spermatozoa within the recipient testes, and these can be recovered and processed for assisted reproduction.
Survival and differentiation of germ cells from non-obstructed azoospermic men into recipient human individuals; human-tohuman transplantation Combined secretory dysfunction of human Sertoli and Leydig cells (for example, due to varicocele) (So®kitis et al., 1996; 1998a) occasionally results in azoospermia. Isolation of spermatogonia from testicular biopsy material from the latter azoospermic men and transplantation into the seminiferous tubuli of men with proven azoospermia and lack of testicular spermatozoa due to Y-chromosome microdeletions may result in the production of donor human spermatozoa by the recipient human testis. As recipient men are individuals with a lack of testicular spermatozoa and are azoospermic due to Y-chromosome microdeletions, spermatozoa that appear in the semen after transplantation are anticipated to be of the donor man origin. An attractive hypothesis is that the recipient human Sertoli cells and the intratubular biochemical environment will support the donor human germ cells to differentiate. The above hypothesis is supported by experiments in animals showing that the intratubular environment from infertile recipients can support the differentiation of donor germ cells from infertile subjects (Ogawa et al., 2000) . The above-described technology may allow azoospermic men without any genetic cause of azoospermia to produce their own spermatozoa in a recipient human testis, with complete arrest in spermatogenesis for genetic reasons. GnRH-antagonists may be administered to the recipient man before transplantation in order to further disrupt his arrested spermatogenesis (i.e. by eliminating any present spermatid or spermatocytes and some spermatogonia). Such men (azoospermic, without any genetic cause of azoospermia) may be candidates for assisted reproduction programmes, though clearly several ethical issues should be considered prior to the performance of such techniques.
The idea of transplanting testicular germ cells from an obstructed azoospermic man to the testis of another azoospermic man with a deletion in the AZF-c area of the Y chromosome has a limited clinical application, considering that donor spermatozoa could be used for arti®cial insemination or IVF in the latter couple. However, some azoospermic couples who have considered using donor spermatozoa may be attracted by the idea of achieving pregnancy via sexual intercourse, even if the male partner ejaculates donor rather than his own spermatozoa into the female partner's reproductive tract. The latter couple may consider the achievement of pregnancy in such manner as being a more physiological approach than to achieve fertilization in vitro, with the female partner undergoing ovarian stimulation, together with the associated expense and potential risks. Schlegel et al., 1999) . Ooplasmic injections of spermatozoa (Silbert et al., 1995; Palermo et al., 1998) , spermatids (Antinori et al., 1997; Amer et al., 1997; Van der Zwalmen et al., 1997; So®kitis et al., 1998b) or secondary spermatocytes (So®kitis et al., 1998c) recovered from testicular foci of spermatogenesis of non-obstructed azoospermic men have resulted in the delivery of healthy newborns. In contrast, non-obstructed azoospermic men with complete premeiotic block in spermatogenesis do not have foci of haploid cells in their testicular tissue and therefore cannot at present be candidates for assisted reproduction programmes. Transplantation of human germ cells into a host animal testis may in the future provide the opportunity to men with premeiotic block (not caused by a genetic factor exerting a direct effect on germ cells) of producing haploid cells within a host animal testis and subsequently being candidates for the ooplasmic injection of spermatids or spermatozoa. Candidates for such transplantation procedures may be non-obstructed azoospermic men with premeiotic block due to acquired testicular damage. Azoospermic men with an inherent inability of their germ cells (due to a genetic factor affecting directly the germ cells) to undergo meiosis will not bene®t from such transplantation procedures. For men with incurable complete premeiotic block in spermatogenesis due to acquired testicular damage (such as varicocele or mumps-orchitis, trauma), transplantation techniques into animals represent the only hope of fathering their own children.
Considering that testicular foci of spermatogonia can be found in the vast majority of non-obstructed azoospermic men who are negative for haploid cells in the therapeutic testicular biopsy material (So®kitis et al., 1998a) , it appears that successful induction of human meiosis and spermiogenesis within a recipient animal testis has the potential to increase the number of non-obstructed azoospermic men who can be candidates for assisted reproduction programmes in the future.
Assisted reproduction techniques using human haploid cells generated in animal testes; genetic, epigenetic and immunological risks It should be emphasized that application of assisted reproduction procedures using human spermatids or spermatozoa produced in an animal testis is susceptible to ethical considerations as well as genetic, immunological and infectionrelated risks. Considering that the cell nuclear DNA is protected by the nuclear envelope and surrounded by the respective cell cytoplasm, it is possible that the nuclear genetic material of human spermatids/spermatozoa generated in a recipient testis has not been contaminated by the recipient species' nuclear DNA. However, additional studies are necessary to con®rm this. Furthermore, the prolonged contact of human germ cells with recipient Sertoli cells/germ cells during human spermatogenesis in the recipient testis may result in the binding onto the human germ cell cytoplasmic membrane of molecules/antigens that are characteristic of the recipient species. Therefore, subsequent ooplasmic injections of human spermatozoa or spermatids recovered from animal testes may lead to the production of human embryos that are positive for a recipient antigen molecule that is normally absent from the human species. Finally, the presence of a virus within the recipient host testis may result in infection of the transplanted human germ cells and of the subsequently derived human haploid cells; the overall result would be transmission of the virus to the human embryonic cells and tissues after human assisted reproduction techniques.
ICSI procedures using human spermatozoa generated in animal testes are susceptible to all the genetic risks inherent to standard human ICSI techniques. However, it should be emphasized that a follow-up study of children delivered post-ICSI with epididymal or testicular spermatozoa identi®ed no additional genetic risks for the ICSI procedures when compared with standard IVF (Bonduelle et al., 1998) . On the other hand, the collection of human spermatids from animals and their processing for ooplasmic injection represents a procedure that is susceptible to unknown risks which are not associated with the xenogeneic source of the spermatids, although they may be considered as a consequence of this assisted reproduction technique per se as only limited experience has been acquired internationally on assisted reproductive technology using human spermatids (So®kitis et al., 1998a) . Moreover, others (Zech et al., 2000) have reported the delivery of a trisomy-9 male presenting with hydrocephalus, as well as the delivery of a male with Arnold±Chiari syndrome type II presenting with open lumbosacral myelomeningocoele after the ooplasmic injection of spermatids.
The application of assisted reproduction technology using human spermatozoa generated in animal testes is, additionally, susceptible to epigenetic risks that are not associated with the xenogeneic source of spermatozoa (human spermatozoa recovered from animal testis); however, this may be considered as a consequence of the assisted reproduction technique per se. Assisted reproduction may alter embryo cell physiology by epigenetic mechanisms such as a change in methylation status during global remethylation early during pre-implantation development (Thompson et al., 2002) . Such in¯uences on gene expression may be a direct result of embryonic culture conditions or gamete physical manipulation, or they may be elicited by mechanisms invoked by stress pathways (such as cellular apoptosis or compromised metabolic state) (Thompson et al., 2002) .
Although induction of human meiosis and spermiogenesis within an animal testis represents an attractive alternative solution for the therapeutic management of men who are negative for haploid cells in their testes, the application of this approach may be limited not only by safety-related factors but also by ethical barriers. Even for couples with untreatable male infertility, who are desperate to obtain a child but remain absolutely negative with regard to the option of donor sperm insemination/IVF, the idea of having their own germ cells cultured' within an animal and subsequently obtaining a newborn from fertilization of the spouse's oocyte by a male gamete that has remained for several weeks within an animal represents a dif®cult dilemma. An infertile couple with a strong desire to obtain their own children may choose to participate in the`transplantation procedure' and suppress their negative emotions/feelings regarding the use of animals to generate human male haploid cells.
The role of the physician is also dif®cult in this situation. Some physicians may consider a male patient's choice to have his germ cells transplanted into an animal as an elementary human right to seek treatment for the disease of`infertility', and ultimately may transplant the patient's germ cells into animal seminiferous tubuli if they are con®dent that such procedures are safe (with regard to genetic, epigenetic and infection-related risks). Other physicians may consider the invivo co-culture of human and animal germ cells to be a nonethical approach, and refuse participation in such techniques. To reach an unequivocally accepted conclusion on the ethical status of transplantation techniques is dif®cult.
